Anthropometric tables are not applicable to calculate the scoliotic trunk mass and center of mass (COM). The purposes of this study were: (1) to estimate the head and trunk mass and COM in able-bodied and scoliotic girls using a force plate method, (2) to estimate head and trunk COM offset compared to those of the body, and (3) the use of mean ratios to estimate the head and trunk COM calculated in this study and that calculated according to a conventional three-dimensional (3D) method compared to the measured values. Twenty-one scoliotic and twenty able-bodied girls participated. The subjects stood upright with arms beside the trunk on a force plate that collected data at 60 Hz for a period of 5 s. The anteroposterior and mediolateral positions of the body COM were obtained from the mean center of pressure values. The height of the body COM was estimated by the reaction board method. Afterwards a body segment was displaced and changes in force plate readings were recorded and applied to estimate the head and trunk mass and COM. Trunk offset was defined as the difference between the COM of the body and head and trunk. The measured head and trunk COM was compared to values obtained by the mean ratios calculated from this study and given by the conventional 3D method. The relative head and trunk mass and the anteroposterior trunk offset were larger in scoliotic girls. The force plate method gave similar results to measured COM values for both groups underlying its capability to provide a more accurate estimation of COM related values. Thus, the use of mean ratios of 0.5538 and 0.6438 obtained in this study to estimate the head and trunk mass and COM position in scoliotic girls can overcome the main drawbacks of current anthropometric methods, if direct measurements cannot be taken.
Introduction
Body segment masses and center of mass (COM) positions are required to estimate joint reaction forces and muscle moments during gait or other physical activities. These values are often calculated from anthropometric tables assembled from cadaver data comprising of a limited number of elderly male Caucasians [1, 2] . Though they are well suited for populations similar to those from which the anthropometric measures were obtained, their applications are questionable for children [3] , adolescents [4] , obese individuals [5] , and scoliotic patients [6] .
Imaging techniques using magnetic resonance imaging (MRI) [5] , dual energy X-ray absorptiometry [7] , and gamma-ray scanning [8] were developed as alternative approaches to determine body segment parameters (BSP) based on individuals outside the Caucasian male population and on living subjects. Though appealing, the findings of these techniques can still not be applied to individuals outside the subjects tested due to wide range of differences in BSP between various populations [7] . Imaging techniques are also limited due to radiation exposure, time, expense, and logistical issues [5] . Furthermore, Damavandi et al. [9] questioned their use in lean and obese able-bodied adults. Even so, Engsberg et al. [10] were the first to report the whole body COM position in three scoliotic adults using MRI. Nonetheless, little is known about the mass and COM of the trunk in scoliotic girls and how they compare to non-scoliotic girls.
Damavandi et al. [9] proposed a new force plate method to determine subject-specific segment masses and COM positions. It was tested in 23 able-bodied young adults with body mass index (BMI) ranging from 17.6 to 31.9 kg/m 2 to verify its sensitivity. Though results were within the range of those of the other literature-based methods [11] [12] [13] for all subjects tested, statistical differences were identified between the lean and obese subjects in the relative head and trunk COM position. This personalized method could be applied to estimate the mass and COM of body segments in scoliotic girls and particularly the head and trunk segment where the threedimensional (3D) spinal deformation is responsible for geometric changes in the trunk and rib cage [14, 15] .
Knowing the relative position of the COM of trunk with respect to that of the whole body could be important to spine surgeons since it complements sagittal balance. Sagittal balance describes the position of the head relative to the pelvis in the sagittal plane reflecting the postural attitude assumed by the patient [16] . Considering that the head and trunk segment represents about 60% of the body weight, repositioning the COM of the scoliotic trunk in relation to the line of gravity passing through the body COM could improve the stability of the correction with a body brace or spinal instrumentation and reduce back pain through reducing muscle forces and moments applied on the spine. In addition to surgeons, more accurate estimations of the trunk mass and COM position are of interests of biomechanists to analyze energy cost of waking in scoliotic patients [17] and evaluate loads on the lumbar spine [18] , as well as ergonomists in scrutinizing lifting mechanics [19] . To our knowledge no one has yet determine the COM of trunk in either able-bodied or scoliotic girls.
The objectives of this study are to estimate the head and trunk mass and COM position using the personalized force plate method described by Damavandi et al. [9] in able-bodied and scoliotic girls since girls are more at risk of developing a spinal deformity [20] . The head and trunk COM positions are afterwards compared to those of the whole body to estimate COM offset along the anteroposterior, mediolateral, and vertical axes in both groups. Since ratios are often used we wish to determine if those calculated for able-bodied and scoliotic girls in this study and the one given by a well-accepted and conventional 3D method [11] can be used to approximate the measured the head and trunk COM positions. Our hypothesis is that current anthropometric ratios do not accurately estimate the mass and the COM position of the scoliotic head and trunk segment.
Method
Twenty-one scoliotic girls who participated to this study diagnosed as adolescent idiopathic scoliosis by an orthopedic surgeon according to the criteria defined by Bunnel [21] and from a frontal plane radiograph. All subjects had a right thoracic curve of about 13 • (range 5-28 • ) as reported in Table 1 and none was under active treatment. A group of 20 able-bodied girls formed the control group. They were examined by the orthopedic surgeon to ensure all were in general good health. The two groups were comparable in age (p = 0.300), height (p = 0.068), weight (p = 0.168) and BMI (p = 0.485) as detailed in Table 1 . Both girls and parents signed the informed consent form approved by the Hospital Ethics Committee.
The procedure to estimate the head and trunk mass as well as its COM position was based on the work of Damavandi et al. [9] . Though the reader is referred to this work for further information the method is briefly described here. It lies on changes in force plate readings taken in two different positions. The subject stood upright on the force plate (AMTI, Model OR6-5, Newton, MA, USA) with arms beside the trunk. Afterward data were collected at 60 Hz for a period of 5 s and then filtered by a fourth-order low-pass Butterworth filter with a 6 Hz cutoff frequency. The anteroposterior (AP) and mediolateral (ML) positions of the whole body COM were obtained from the mean center of pressure (COP) [22] . The height of the COM was estimated by the reaction board method described below. Then the whole body COM was calculated with respect to the mid-hip position.
Afterwards a body segment was displaced; for example, the right upper limb was flexed at 90 • and the mean COP was determined once more. Since the whole body less the displaced segment COM remains the same for the initial (i.e. with arms alongside the trunk) and final (i.e. 90 • flexion of right upper limb) positions, the mass of the displaced segment can be calculated. Since there was a difference of less than 2% upper limb's mass and COM position values between the method proposed by Damavandi et al. [9] and that of de Leva [11] the inclusion of shoulder in the trunk mass can be considered negligible. The upper and lower limb masses were calculated using the same procedure. Then, the head and trunk mass was estimated as the difference between the whole body mass and that of the upper and lower limbs. This value was normalized with respect to that of the whole body.
The COM position of the body segments was estimated using the reaction board method where the subject lies on a heavy and rigid board supported at one end by the force plate and a triangular support at the other end. Again the subject was required to assume two postural configurations while lying on the board. Force plate data were first obtained with the arms alongside the trunk. This was followed by a body segment displacement (e.g. 90 • right upper limb flexion). This procedure was performed for the other upper and lower limbs and for all subjects. Afterwards, head and trunk COM location was also calculated with respect to the midhip position. The COM offset was defined as the difference between the whole body COM position and that of the head and trunk along each axis for each subject. Lying on a board could cause the deformity to assume a non-representative posture. Wessberg et al. [23] reported that the mean Cobb angle of axially loaded spines in MRI scans compared to a non-loaded ones were smaller by 8 • in idiopathic scoliosis patients. Even though the effect of gravity is taken in account it is still unknown if the loading device repositions the spine in the same 3D space.
Trunk and pelvis inclinations were also measured using a videobased system (Motion Analysis Corporation, Santa Rosa, USA). Six cameras were located around and at a distance of about 3 m from the subject standing upright and immobile on the force plate. Seven markers (16 mm diameter) were put over C7 (seventh cervical vertebra), greater trochanters, anterior superior iliac spines (ASIS), and posterior superior iliac spines (PSIS), as illustrated in Fig. 1 . Video data were collected for 20 s at 60 Hz and filtered with a fourth-order zero-phase lag Butterworth filter having a cutoff frequency of 6 Hz. Trunk inclination was calculated in the sagittal and frontal planes as the angle sustained by a line joining C7 and the mid-hip position. Pelvic tilt was calculated using the angle between the horizontal and a line connecting the ASIS and the PSIS [24] .
The position of the head and trunk COM was reported as a fraction of the C7-mid-hip length and a mean value was calculated for both scoliotic and able-bodied girls. Then these mean values were used to recalculate the 3D coordinates of the head and trunk COM with respect to the mid-hip position and compared to the 3D measured coordinates and to values obtained by using a 0.6896 ratio given by de Leva [11] for the same body segment. Not only this is a conventional and well-accepted 3D method but also Damavandi et al. [9] found that it performed better than photographic and geometric approaches [12, 13] when tested in subjects of lean, normal and obese morphologies. ANOVAs were performed on the head and trunk segment mass and COM as well as their normalized values with respect to the whole body mass and trunk length, respectively. ANCOVA were used with age, body mass, height and BMI as covariables for the sagittal and frontal trunk angles and pelvic tilt, head and trunk and whole body COM positions as well as their differences along each axis. To determine if there is a relation between the head and trunk COM position to the mid-hip position and the trunk length, Pearson coefficients of correlation were performed for both groups and R 2 values were calculated. Finally, repeated measures ANOVA were carried out on the head and trunk COM positions between the measured values and those calculated using the constant ratios given in this study and the one given by de Leva [11] . Post hoc analysis using a Bonferroni correction was carried out if a statistical difference was observed (˛= 0.05).
Results
For similar trunk lengths of approximately 525 mm, the sagittal and frontal trunk inclination angles (both p < 0.001) and pelvic tilt (p = 0.001) were different between able-bodied and scoliotic girls as presented in Table 2 . This reflects that the trunk inclination of the scoliotic girls was more toward the back by 3.8 • , more inclined to the right by 2.4 • , and with a 7.0 • greater forward pelvic tilt. Though the head and trunk mass was smaller by 1.3 kg in the scoliotic group its relative mass to the whole body was 3.3% greater at 0.5538 (p < 0.001).
The head and trunk as well as the whole body COM positions with respect to the mid-hip center are given in Table 3 . The scoliotic group had their head and trunk segment COM more to the right by 15.5 mm (p < 0.001), more posteriorly by 19 mm (p < 0.001) and at about the same height (p = 0.316) as the able-bodied group. The relative position of the scoliotic head and trunk segment COM was about 4.1% lower at 0.6438 (p = 0.017) of the trunk's length than that of the able-bodied group. For the scoliotic girls their whole body COM was nearly 30 mm (p < 0.001) more to the right and more anterior by nearly 9 mm (p = 0.035) compared to the able-bodied girls. Table 3 also provides the head and trunk offset for the three axes in both groups. The AP offset was larger in scoliotic girls with the whole body COM anterior to that of the head and trunk segment and the opposite occurred in able-bodied subjects (between groups, p < 0.001). In the ML direction this offset was negligible in the scoliotic girls compared to the able-bodied girls where the difference between groups was 14.9 mm (p < 0.001). Fig. 2 illustrates the relation between the head and trunk COM position to the mid-hip position and the trunk length for both groups. The R 2 values for the correlations are 0.8668 and 0.8721 for the able-bodied and scoliotic girls, respectively. Using three constant ratios namely, 0.6716 for able-bodied and 0.6438 for the scoliotic girls from the force plate method [9] as well as 0.6896 from de Leva [11] , the 3D positions of the head and trunk segment COM are shown in Table 4 . For the able-bodied girls there were statistical differences between the measured values and those of the de Leva [11] along the AP (p = 0.007) and vertical axes (p = 0.005). The values obtained from the de Leva [11] and the ratio of the proposed method were also significantly different in AP and vertical axes (both p = 0.000). The largest mean error was 1 mm along the AP and ML axes and about 9 mm along the vertical axis for both methods.
For the scoliotic group, there was no statistical difference between the measured values and the proposed ratio of 0.6438 where p values were higher than 0.367. The values calculated by Table 3 Means (SD) of head and trunk and whole body COM positions (mm) with respect to mid-hip position and their differences (offset) along anteroposterior (AP), mediolateral (ML), and vertical axes.
Able-bodied subjects

Scoliotic subjects
Head and trunk COM (+forward) 55.6 (10.0) 36.6 (10.1) a Head and trunk COM (+right) −3.6 (7.9) 11.9 (6. Means (SD) of head and trunk COM (mm) with respect to mid-hip position based on the constant ratios of the de Leva [11] and force plate [9] methods along with the errors compared to the measured values for anteroposterior (AP), mediolateral (ML), and vertical axes. the de Leva [11] method were statistically different from the measured and the proposed ratio values along the three axes (p ≤ 0.016). The largest mean error was an overestimation of the height of the head and trunk COM by about 25 mm with the de Leva [11] method though the errors along the other axes were less than 2 mm.
Method
Discussion
The first objective was to estimate the head and trunk mass and COM position using the personalized in vivo force plate method described by Damavandi et al. [9] in able-bodied and scoliotic girls. The head and trunk mass and whole body were identical in both groups. But, the ratio of head and trunk mass to that of the whole body of the scoliotic girls was higher ( Table 2 ). This is explained by a slightly larger head and trunk mass to a lighter body mass for the scoliotic girls. This could be of clinical importance when loads are estimated on the spine since head and trunk mass is usually calculated from that of the whole body mass and anthropometric tables. Larivière and Gagnon [25] in the lumbar compression force according to the trunk inertial parameters used to estimate the lumbo-sacral moment. Using the ratio for women given by de Leva [11] , the head and trunk mass of scoliotic girls was underestimated by 11.1%. According to de Leva [11] , head and trunk mass/body mass ratio is 0.4925, while based on the force plate method [9] this ratio was 0.5538 ( Table 2 ). The main differences in the head and trunk COM position were observed in the horizontal plane where the scoliotic group was more to the right and closer to the mid hip position than that of the able-bodied girls ( Table 3) . Though a COM offset was expected in scoliotic girls it could appear unusual in able-bodied subjects. This is due to the whole body COM which is 17.7 mm to the left of the mid-hip position. It reflects a postural attitude where more weight is placed on a limb while standing upright [26, 27] . This was observed by Dickstein et al. [28] who reported a 6% difference in weight-bearing forces under the feet in standing. The whole body COM of scoliotic girls was more anterior and to the right than that of able-bodied girls. Though similar findings were reported by Fegoun et al. [29] and Engsberg et al. [10] these were for adult scoliotic subjects also lying in the supine position. To our knowledge these are the first values reported for both head and trunk segment and whole body COM in a population of young girls with and without a scoliosis.
The second objective was to assess trunk COM offset. This information could be important to the practicing surgeon when restoring sagittal balance [30] . According to Glassman et al. [31] restoration of sagittal balance should be a primary goal of spinal deformity surgery. In addition to postural alignment the surgeon could consider reducing the horizontal lever arm of the weight of the trunk and head to the line of gravity of the body or COM offset. This would reduce the torque on the spine and lessen back pain [32] .
The scoliotic head and trunk COM position relative to their whole body COM (Table 3) can be explained by their greater forward pelvic tilt and a more backward trunk inclination ( Table 2) . Jackson et al. [33] and Nault et al. [34] observed a greater backward trunk inclination in their scoliotic group compare to their ablebodied girls, while Allard et al. [6] reported a hypokyphotic posture in ectomorphic scoliotic girls. It appears that in non-treated scoliotic girls where the Cobb angle is less than 28 • , the COM position of the head and trunk is related to the trunk backward inclination.
The final objective was to test the use of a ratio to estimate the head and trunk COM position. Ratios have been commonly applied to estimate segmental COM position in healthy children [3] , adults [11] , and adolescents [4] but were not applied in scoliotic subjects with the exception of comparing methods [10] . For both able-bodied and scoliotic girls the R 2 values between the head and trunk COM position to the mid-hip position, calculated using ratios of the force plate method [9] , and the trunk length were high justifying the use of a separate ratio to estimate the head and trunk COM position (Fig. 2) . These ratios for able-bodied and scoliotic girls were 0.6716 and 0.6438, respectively. The maximum difference in the head and trunk COM position was about 9 mm for the able-bodied girls regardless of the ratio used. This relatively low difference value can be explained by a small but statistically significant difference of about 2.7% between the ratio given by de Leva [11] ; i.e. 0.6896, and the ones given in this study for able-bodied girls; i.e. 0.6716.
For scoliotic subjects, the greatest difference between the estimated head and trunk COM position and the measured values was observed along the vertical axis when applying the ratio given by de Leva [11] . This corresponds to a 7.6% difference which is similar to those calculated for the other directions (5.0% for AP and 3.6% for ML) using the same method. Using the proposed ratio (i.e. 0.6438) the relative difference is less than 1%. The larger head and trunk mass relative to body mass of the scoliotic subjects (Table 2 ) explains in part the lower COM position of that segment compared to that of the able bodied-girls in this study (Table 3 ) as well as that of the ratio given by de Leva [11] . The height of the COM of the head and trunk segment was statistically lower with the proposed ratio compared to the de Leva [11] method. Similar finding was also reported by Engsberg et al. [10] in a comparison between subjectspecific (MRI) and literature-based [1] methods for the COM of the whole body.
The head and trunk COM position could be important when estimating the loads on the lumbar spine. Gum et al. [35] reported that the direction of transverse pelvic rotation varied according to the type of thoracic curve reflecting changes in the trunk COM location. Furthermore, changes in the COM location could affect the moment of inertia, according to the principal axis theorem, which would lead to a larger change in the kinetic output. During gait Mahaudens et al. [36] reported reduced pelvic, hip and shoulder motion amplitudes. This was explained by the stiffness of the deformity or by the bilateral prolonged activation timing of the lumbar and pelvic muscles. Since force plate data reflects the whole body COM motion [37] , these observations could also be explained by the head and trunk COM position relative to the pelvis and by the shift in the position of the body COM as reported in this study and in Engsberg et al. [10] .
Results from this study could be used as a guide to the surgeon in correcting scoliosis and other spinal deformities. They could be used in addition to the sagittal balance in the planning of the surgical treatment of adolescent idiopathic scoliosis. Knowing the COM offset or the distance between the trunk center of mass and that of the whole body to be reduced could be valuable in estimating the sagittal spinal curves that need to be restored by the instrumentation. This is particularly important since the trunk represents about 60% of the body mass. The COM offset provides an indication to the spine surgeon of the proximal vertebra and mostly that of the distal vertebra to instrument as well as the extent of sagittal curve to give to the rods. Similarly, the COM offset can be verified after fitting a body brace to ensure body and head and trunk alignment. Reducing the COM offset in scoliotic girls could diminish the perturbed horizontal control of the trunk during standing balance [38] . Furthermore, results of this study could be applied in order to more accurately assess energy expenditure during gait and estimate loads on the lumbar spine during various lifting techniques in able-bodied and scoliotic girls in clinical settings. The method proposed by Damavandi et al. [9] can be applied without a series of assumptions on body segment mass and COM position or using costly and time consuming imaging devices [10, 26] .
Conclusion
In this study involving able-bodied and scoliotic girls the personalized force plate method described by Damavandi et al. [9] was applied to estimate the mass and COM position with respect to the mid-hip position. It was observed that the mass of the head and trunk segment of scoliotic girls was similar to that of able-bodied girls of similar age, height and weight. However its relative mass to that of the whole body was higher compared to able-bodied girls due to a smaller whole body mass. The horizontal position of the head and trunk segment's COM of scoliotic girls was more to the right and posterior compared to the able-bodied girls but their COM's height was similar. The AP COM offset was larger in scoliotic girls with the whole body COM anterior to that of the head and trunk segment. This could be explained by a greater pelvic forward tilt and a greater backward trunk inclination in scoliotic girls compared to able-bodied subjects. It appears that the COM position of the head and trunk is related to the trunk inclination in non-treated scoliotic girls. It is suggested to use the mean ratios obtained in this study to estimate the mass (i.e. 0.5538) and COM (i.e. 0.6438) of the head and trunk in scoliotic girls to overcome the drawbacks of current anthropometric methods, if direct measurements cannot be taken.
